ing data from Planck, local measurements of the Hubble constant, Baryon Acoustic Oscillation, the Dark Energy Survey and CMB lensing. In doing so, we find the model in the Fibre Inflation landscape which gives the best fit to these cosmological datasets. Considering Planck 2018 temperature and polarisation data only, the bounds for the main cosmological observables at 68% CL become n s = 0.9696 +0.0010 −0.0026 and r = 0.00731 +0.00026 −0.00072 together with a number of effective relativistic species N eff = 3.062 +0.004 −0.015 . These predictions, in turn, constrain the microscopic flux-dependent parameters.
In this paper we show how the string landscape can be constrained using observational data. We illustrate this idea by focusing on Fibre Inflation which is a promising class of string inflationary models in type IIB flux compactifications. We determine the values of the microscopic flux-dependent parameters which yield the best fit to the most recent cosmological datasets.
I. INTRODUCTION
String theory is often said to be decoupled from experiments. However, similarly to quantum field theory, string theory is a framework rather than a model. Therefore it is more sensible to talk about testing a particular model built following the rules of string theory, rather than talking about testing string theory per se.
Continuing the analogy with QFT, it is however true that features like the existence of antiparticles are common to all models which can be built in QFT. From the string theory point of view, the generic prediction is the existence of extended fundamental objects. However, due to the technical difficulty to perform experiments at energies close to the string scale, this ubiquitous prediction of string theory is presently untestable. Nonetheless we can build 4D string models and try to confront them with observations, as it is done in standard QFT with models like the Standard Model or generalisations thereof.
4D string models are characterised by interesting correlations between different observables which originate from the underlying UV consistency of the theory. These correlations can be used to compare the predictions of each 4D string model to observational data in a very efficient way, resulting in the possibility to rule out very large portions of the string landscape.
In this paper we illustrate this idea by focusing on a class of string inflationary models called Fibre Inflation. This class of models is particularly promising since it features a landscape of examples within the framework of type IIB Large Volume flux compactifications. Each Fibre Inflation model is characterised by a different underlying choice of discrete microscopic parameters like bulk background 3-form fluxes and gauge 2-form fluxes on D-branes. Moreover, these models are ready to be compared with observational data since they include inflation with moduli stabilisation, consistent Calabi-Yau constructions with chiral matter and a detailed understanding of the reheating process.
In this paper we confront therefore Fibre Inflation with the most recent cosmological observations includ-
II. FIBRE INFLATION MODELS: A BRIEF OVERVIEW
Fibre Inflation (FI) is a class of string inflationary models built within the framework of type IIB Large Volume Scenarios [1, 2] . Its name comes from the fact that the inflaton is a Kähler modulus which controls the size of a K3 or T 4 divisor fibred over a P 1 base.
In the original model the inflationary potential is generated by a combination of 1-loop open string corrections [3] . However subsequent examples of FI models have been constructed by exploiting different combinations of perturbative corrections to the effective action [4, 5] . This class of models originates very naturally due to the presence of an effective shift symmetry which protects the flatness of the inflationary potential [6, 7] . Moreover FI models are not just at the level of a string-inspired 4D supergravity since in [8] [9] [10] they have been embedded into globally consistent Calabi-Yau orientifolds with a chiral brane set-up and moduli stabilisation.
FI models have a behaviour similar to Starobinsky inflation [11] and supergravity α-attractors [12, 13] . In fact, their potential features a trans-Planckian plateau which steepens at large inflaton field values due to higher arXiv:2004.01210v1 [astro-ph.CO] 2 Apr 2020 derivative or loop corrections that can be responsible for a CMB power loss at large angular scales [14] [15] [16] . The inflaton field range is constrained also by geometrical bounds [17] but in generic FI models it is around 5 in Planck units. This inflaton excursion yields primordial gravity waves at the edge of detectability since the tensor-to-scalar ratio is of order 0.007 r 0.01.
The exact prediction for the amplitude of the primordial tensor modes needs a proper understanding of the post-inflationary evolution of these models. Relatively recently, ref. [18] found that preheating effects can be neglected in FI models and ref. [19, 20] performed a detailed analysis of perturbative reheating finding that the inflaton decay can produce a thermal bath with an initial temperature which is below the maximal one derived from requiring that finite-temperature corrections to the inflationary potential do not induce a decompactification limit [21] . Moreover the inflaton decay tends to produce, on top of ordinary particles, also hidden sector degrees of freedom like ultra-light bulk axions [20] which behave as extra dark radiation parameterised by ∆N eff .
From the phenomenological point of view, it is very interesting to notice that values of ∆N eff 0 correlate with values of r 0.007 and no CMB power loss at large angular scales, while values of ∆N eff 0.5 correlate with values of r 0.01 and a low-CMB power loss. From the theoretical point of view, different values of ∆N eff and r correspond to different choices for the underlying UV parameters. In this paper we will confront FI models with cosmological observations and see which values of ∆N eff and r give the best fit to actual data. This will allow us to constrain the values of the stringy parameters and to judge the naturalness of these models from the theoretical point of view.
A. Inflationary potential and observables
All FI models feature a qualitatively similar shape of the inflationary potential. Without loss of generality, we therefore focus on the potential of the original model [3] which looks like (where M p is the reduced Planck mass M p = 1 √ 8πG 2.4 · 10 18 GeV):
with:
where V 0 and R are two independent parameters which depend on different combinations of the microscopic parameters. In the regime where the effective field theory is under control both V 0 1 and R 1. Fig. 1 shows the potential (2) for different values of R.
The expression for the number of efoldings N e as a function of the point of horizon exit in field space φ * cannot be solved analytically. Following [20] , we therefore consider a simplified case where an approximated analytical solution can be provided.
The scalar spectral index takes the form:
where:
The tensor-to-scalar ratio is given by:
while the scalar power spectrum reads:
with k * = 0.05 Mpc −1 and:
(7) Fig. 2 shows n s and r as functions of N e for R = 2.7 · 10 −5 (blue lines) and R = 0 (red lines). The red line represents the case where the positive exponential in (2) is negligible throughout the whole inflationary dynamics. Notice that, for the same value of N e , the red line gives smaller n s and r. In particular, for the red line, n s cannot be larger than about 0.97 for N e 65. Fig. 3 shows instead r versus n s for two different values of R. The green curve represents the relation r = 6(n s − 1) 2 which is a good approximation for R = 0.
Interestingly, values of R of order R = 2.3 · 10 −6 agree with the green curve rather well while for R = 2.7 · 10 −5 already the relation r = 6(n s − 1) 2 is violated.
B. Number of efoldings, reheating and dark radiation
After the end of inflation the inflaton oscillates around the minimum and behaves as non-relativistic matter. Hence reheating is characterised by an equation of state p = w rh ρ with w rh = 0. Moreover the inflationary energy scale M 4 inf = V (φ = φ * ) turns out to be around the GUT scale. Thus N e can be written in terms of the reheating temperature T rh as:
In turn, the reheating temperature can be written as:
where γ is a parameter independent from V 0 and R which controls the branching ratios for the inflaton decay into different visible and hidden sector degrees of freedom [20] . This gives:
Plugging this value in (3), (4) and (6) , the cosmological observables become functions of the underlying parameters γ, R and V 0 : n s = n s (γ, R), r = r(γ, R) and A s = A s (γ, R, V 0 ). In Fig. 4 we show how these parameters γ, R and V 0 affect the CMB temperature power spectra. Therefore they can be constrained by the requirement of matching Planck data which however depend on the number of extra neutrino-like species ∆N eff that in this model is given by:
As studied in [20] , the main inflaton decay channels are into Standard Model gauge bosons and hidden sector ultra-light axions. In the data analysis which we will present in Sec. IV, we will focus on the following three different ranges for γ:
corresponds to the case where the branching ratio for the inflaton decay into hidden axions is suppressed by a non-zero gauge flux on the D7-brane stack wrapped around the inflaton divisor which realizes the Standard Model. Therefore in this case ∆N eff is negligibly small. The upper bound γ ≤ 20 can be easily derived by combining moduli stabilisation with two requirements: (i) a correct matching of the observed value of the density perturbations, and (ii) an effective field theory which remains in the controlled regime where perturbation theory does not break down. See App. A for technical details.
2. γ = 1 corresponds to the case where the branching ratio for the inflaton decay into hidden axions is maximized due to the fact that the gauge flux on the Standard Model D7-branes is vanishing. In this case ∆N eff = 0.6.
3. 0 < γ < 1 corresponds to the case where the amount of extra dark radiation gets further increased by the model-dependent presence of additional inflaton decay channels into hidden sector degrees of freedom like for example hidden gauge bosons living on D7-branes wrapped around the divisor containing the P 1 base of the fibration.
Ref. [20] pointed out that there are two qualitatively different regimes:
• Small extra dark radiation: If γ 2, ∆N eff 0.1 which requires a spectral index centered around n s 0.965 [22] . As can be seen from Fig. 2 and 3 , this can be achieved if R 2.7 · 10 −5 (notice that from the microscopic point of view, no fine-tuning is involved to get such a small value of R). In this case horizon exit takes place in the plateau region where r 0.007. An explicit example presented in [20] is: • Large extra dark radiation: For γ 1, the amount of extra dark radiation is larger since ∆N eff 0.5. Ref. [20] used 2015 Planck data to infer that such a large value of ∆N eff requires a spectral index centered around n s 0.99 [23] . As shown in Fig. 2 and 3 , this is possible if R 2.7 · 10 −5 . In this case the potential is steeper close to horizon exit, and so r 0.01. An explicit example presented in [20] is: However, more recent 2018 Planck data including lowE polarization data [22] give a strong lower constraints on the optical depth τ than 2015 Planck measurements. For this reason, and thanks to the positive correlation with N eff and n s , both the extra dark radiation component ∆N eff and the spectral index n s will have lower mean values. In fact, as we shall see in our analysis in Sec. IV, when γ 1, the central value of the spectral index raises to n s 0.973 but not more. In turn this gives a tensor-to-scalar ratio of order r 0.0085 which requires values of R slightly smaller than R 2.7 · 10 −5 .
III. METHODOLOGY
To analyse the effect of the FI scenario on the constraints on the cosmological parameters, we consider some of the most recent cosmological datasets, listed below:
• Planck: we make use as a baseline of the Planck 2018 temperature and polarization CMB angular power spectra plikTTTEEE+lowl+lowE [22, 24] .
• R19: we assume a gaussian prior on the Hubble constant H 0 as obtained from the SH0ES collaboration in [25] , i.e. H 0 = 74.03 ± 1.42 (km/s)/Mpc at 68% CL.
• BAO: we consider the Baryon Acoustic Oscillation data from the same compilation adopted in [22] , composed of the 6dFGS [26] , SDSS MGS [27] , and BOSS DR12 [28] data.
• DES: we add the 3 × 2pt analysis of the first-year of the Dark Energy Survey measurements [29] [30] [31] , as used in [22] .
• lensing: we use the 2018 CMB lensing reconstruction power spectrum as obtained from the CMB trispectrum analysis [32] .
• Pantheon: we consider the luminosity distance measurements of 1048 type Ia Supernovae from the Pantheon catalog [33] .
We consider as a baseline a 7-dimensional parameter space described by: the baryon and cold dark matter energy densities Ω b h 2 and Ω c h 2 , the ratio of the sound horizon at decoupling to the angular diameter distance to last scattering 100θ M C , the optical depth to reionization τ , and three combinations of microscopic parameters characterising FI models: γ, R and V 0 . We impose flat uniform priors on these parameters, as showed in Table I, where we distinguish three different cases, depending on the range of γ. In our analysis the amplitude and the spectral index of the primordial scalar perturbations A s and n s , as well as the effective number of relativistic degrees of freedom N eff and the tensor-to-scalar ratio r are, instead, derived parameters, obtained by using eqs. (6), (3), (4) and (11) respectively. In order to do this computation, we stop the series used in the code at n = 65, after checking that the changes on the parameters for a larger number were below the numerical sensitivity of the code.
In order to extract the posterior distribution of these cosmological parameters, we use our modified version of the publicly available Monte-Carlo Markov Chain package CosmoMC [34] , with a convergence diagnostic based on the Gelman and Rubin statistics [35] , that implements an efficient sampling of the posterior distribution using the fast/slow parameter decorrelations [36] , and includes the support for the 2018 Planck data release [24] (see http://cosmologist.info/cosmomc/).
IV. RESULTS
In this section we show and discuss the results for the three different ranges of γ.
In Table II we report the constraints at 68% CL for the independent cosmological parameters of the FI model with 0 < γ < 1 (above the horizontal line), and for some derived ones (below the horizontal line), making use of several combination of present cosmological probes. Moreover, in Fig. 5 we show a triangular plot, i.e. the 1D posterior distributions and 2D contour plots for some interesting parameters of the FI model with 0 < γ < 1.
If we compare now our results obtained for Planck alone (first column of Table II ) with those obtained in a ΛCDM model for the same dataset, we see a shift of most of the cosmological parameters. In particular, we have that in FI models with 0 < γ < 1 both Ω b h 2 and Ω c h 2 move towards larger values at many standard deviations, while θ shifts down. In our model, the amplitude and the spectral index of the primordial scalar perturbations A s and n s , as well as the effective number of relativistic degrees of freedom N eff and the tensor-to-scalar ratio r are computed by using eqs. (6), (3), (4) and (11) respectively, and the constraints obtained for the free parameters γ, R and V 0 . This is the reason why we have a strong prediction for r = 0.00846 +0.00045 −0.00011 at 68% CL different from zero, both A s and n s larger than the ΛCDM scenario, and an N eff > 3.046 at many sigmas. Regarding the parameters of FI models, we find at 68% CL and for Planck alone γ > 0.974, R > 7.86 × 10 −6 and V 0 = (7.69 +0. 31 −0.15 ) × 10 −11 . An interesting feature is the possibility of increasing the Hubble constant parameters due to the strong correlation between N eff and H 0 . In fact, in this scenario H 0 is estimated to be H 0 = 70.12 ± 0.47 (km/s)/Mpc at 68% CL, alleviating below 3 standard deviations the very well know 4.4σ tension between the Planck [22] and the SH0ES [25] collaborations measurements of this parameter. Unfortunately, this scenario is disfavored by the data that show a worsening of the χ 2 of 17.87 with respect to the ΛCDM model, even if our scenario has one more degree of freedom.
If we now look at the other columns of the same Table II, or the contour plots in Fig. 5 , we see that our results are very robust, showing minimal shifts in the cosmological parameters by combining Planck with other independent cosmological probes. In fact, the larger shifts we can see on the cosmological parameters are for the combination Planck+DES, that however keeps almost unaltered the bounds on the cosmological parameters characteristic of FI models.
B. γ = 1
In Table III we report the constraints at 68% CL for the independent cosmological parameters of FI models with γ = 1 (above the horizontal line), and for some derived ones (below the horizontal line), making use of several combinations of present cosmological probes. Moreover, in Fig. 6 we show a triangular plot, i.e. the 1D posterior distributions and 2D contour plots for some interesting parameters of FI models with γ = 1.
Even in this γ = 1 case, if we compare our results for Planck alone dataset (first column of Table III) with those obtained in a ΛCDM model, we see almost the same shift of the cosmological parameters we saw already in the 0 < γ < 1 case, because γ was consistent with 1. For the very same reason, the constraints in FI models with γ = 1 are very similar to those obtained in the 0 < γ < 1 case. In fact, when γ = 1 we find at 68% CL and for Planck alone that R > 7.70 × 10 −6 and V 0 = (7.66 +0. 33 −0.15 ) × 10 −11 . Regarding the prediction of the model, in this case γ = 1 which is equivalent to N eff = 3.646 (see eq.(11)). Moreover, we find r = 0.00842 +0.00048 −0.00011 at 68% CL different from zero, and again both A s and n s larger than in the ΛCDM scenario. Even in this case, and because of the strong correlation between N eff and H 0 , we have a large Hubble constant parameter, H 0 = 69.97 ± 0.46 (km/s)/Mpc at 68% CL, relaxing the tension below 3 standard deviations. Unfortunately, even this scenario is disfavored by the data since they show a worsening of the χ 2 of 16.41 with respect to the ΛCDM model, for the same number of degrees of freedom.
If we now look at the other cases of the same Table III , and the plots in Fig. 6 showing Planck combined with the other cosmological probes, we see again that our results are almost unmodified, and the larger shifts are due to the combination of Planck+DES data.
Finally, in Table IV we report the bounds at 68% CL for the independent cosmological parameters of FI models with 1 < γ ≤ 20 (above the horizontal line), and for some derived ones (below the horizontal line), combining different present cosmological probes. Moreover, in Fig. 7 we show a triangular plot, comprising 1D posterior distributions and 2D contour plots for some interesting parameters of FI models with 1 < γ ≤ 20.
In this 1 < γ ≤ 20 case, if we compare our results obtained for Planck alone (first column of Table IV) with those obtained in a ΛCDM model for the same dataset, we see that most of the cosmological parameters are perfectly in agreement within a standard deviation, on the contrary of the previous γ cases. Moreover, in this FI scenario with 1 < γ ≤ 20, we find at 68% CL for Planck alone γ > 7.41, and therefore N eff = 3.062 +0.004 −0.015 at 68% CL is here in agreement with its expected value 3.046 [37, 38] . In this case, instead of having a lower limit for R as in the previous γ cases, we find an upper limit R < 4.80 × 10 −6 at 68% CL, while V 0 shifts too towards lower values V 0 = (6.76 +0. 25 −0.49 ) × 10 −11 at 68% CL because of the positive correlation between these two parameters, as we can see in Fig. 7 . Even in this FI scenario with 1 < γ ≤ 20 we have a strong prediction for r = 0.00731 +0.00026 −0.00072 at 68% CL different from zero, while both A s and n s are consistent with the constraints obtained in a ΛCDM scenario. The possibility of increasing the Hubble constant parameters because of the correlation between N eff and H 0 is lost in this case, because N eff is in agreement with the standard expectation. In fact, here we have H 0 = 67.82 ± 0.47 (km/s)/Mpc at 68% CL, shifted one sigma towards a larger value, but still at 4.1σ tension with the R19 estimate [25] . FI models with 1 < γ ≤ 20 are the most favored by the data between those explored in this work, worsening the χ 2 of 0.39 with respect to the ΛCDM model, having just one more degree of freedom.
If we now look at the other cases of the same Table IV , and the plots in Fig. 7 showing Planck combined with the other cosmological probes, we see again that our results are more dataset dependent than the other γ cases we explored before. The only combinations that give similar results to the Planck alone case are Planck+lensing and Planck+Pantheon, while the other ones deserve a more complete discussion. In particular, in the Planck+R19 case, i.e. the third column of Table IV , we are adding to the Planck data a gaussian prior on H 0 similar to R19, and this prior is at 4.1σ tension with the Hubble constant estimated by Planck alone. Hence we are combining datasets in disagreement and the results are not completely reliable. For this very same reason, we see one sigma shift of H 0 in the R19 direction, and due to a positive correlation with this parameter, we have also a one sigma shift of V 0 towards higher values, i.e. V 0 = (7.06 +0.47 −0.43 ) × 10 −11 at 68% CL, and N eff larger than the expected value at more that one standard deviation. Consequently we obtain γ = 8.4 +11 −7.2 at 68% CL, instead of just a lower limit. Moreover, due to the strong V 0 -R positive correlation, we see that instead of an upper limit like in the Planck alone case, we have now a lower limit for R > 4.13×10 −6 at 68% CL.
If we now look at the Planck+BAO combination, i.e. the fourth column of the same Table IV , we see that the constraints on the cosmological parameters are very similar to the ones obtained in the Planck alone case, with the exception of γ that is now fully bounded at 68% CL, i.e. γ = 10.7 +4.2 −7.5 . However, looking at the 1D posterior distribution of γ in Fig. 7 , we see that in the Planck+BAO combination there is no actual peak that can justify this bound.
Finally, in the Planck+DES case, as in the other γ scenarios, S 8 is shifted towards lower values, more in agreement with the cosmic shear findings, and consequently H 0 moves towards slightly larger values due to their negative correlation, as we can see in Fig. 7 .
V. BOUNDS ON MICROSCOPIC PARAMETERS
In this section we shall follow the notation of [20] and translate the bounds on γ, R and V 0 into bounds on the microscopic parameters of the FI landscape which depend on discrete 3-form bulk fluxes and 2-form brane fluxes. FI models are characterised by the following microscopic parameters: Notice that the 3 microscopic parameters ξ, N and A 3 enter only in the determination of the extra-dimensional volume V. Hence in our analysis, we shall trade ξ, A 3 and N for the single parameter V.
The 3 underlying parameters γ, R and V 0 are functions of the 4 microscopic parameters which we left over as free:
We can therefore constrain g s , W 0 , V and n 2 by using the observational constraints on γ, R and V 0 obtained in Sec. IV, supplemented with the phenomenological requirement α vis = α vis (g s , W 0 , V, n 2 ) = 1/25.
Moreover, notice that γ can be written as in (A2) where τ 1 depends on g s and V. Hence we can consider α vis = α vis (g s , W 0 , V, n 2 ) = 1/25 as a constraint which gives n 2 once g s , W 0 and V have already been bounded by using the results of Sec. IV with γ = γ(g s , V), R = R(g s ) and V 0 = V 0 (g s , W 0 , V).
We shall focus on the case with 1 < γ ≤ 20 since this is the one which is statistically favoured by observations, and consider Planck data alone. Our results are displaced in Fig. 8 for the (V, g s )-parameter space. The yellow region corresponds to γ > 7.41 and R < 4.8 × 10 −6 , the two blue and red lines correspond to the upper and lower bounds on V 0 at 68% CL for W 0 = 150 and W 0 = 300 respectively, whereas the green and black lines correspond to α −1 vis = 25 for n 2 = 2 and n 2 = 3 respectively. Notice that the comparison with cosmological observations constrains the discrete gauge flux parameter n 2 very well since the curve corresponding to α −1 vis = 25 intersects the yellow region only for n 2 = 2 and n 2 = 3. Given that W 0 is upper bounded by tadpole cancellation which gives maximal value of order 500, we also realise that the string coupling is forced to lie in the range 0.065 g s 0.125 and the Calabi-Yau volume 2500 V 9000.
VI. CONCLUSIONS
In this paper we showed that predictions from string theory can indeed be put to the experimental test. In particular we focused on Fibre Inflation which is a class of type IIB string inflationary models that feature an underlying landscape of microscopic flux-dependent parameters.
These models have been studied in great detail, determining not just the inflationary dynamics but also the post-inflationary evolution including reheating and the potential production of extra neutrino-like species. Thanks to this detailed analysis, these models are ready to be confronted with observations.
In our analysis we included several recent cosmological data coming from Planck, direct measurements of H 0 , BAO, DES, CMB lensing and Pantheon. We focused on a 7-dimensional baseline space described by the standard parameters Ω b h 2 , Ω c h 2 , 100θ M C and τ , with in addition 3 combinations of microscopic parameters γ, R and V 0 which characterise Fibre Inflation. After imposing flat priors on each of these parameters, we derived bounds on A s , n s , r and N eff for different ranges of γ.
We found that the range of γ which gives the best fit to these recent cosmological data is 1 < γ ≤ 20. In particular, for Planck data alone we find at 68% CL γ > 7.41, R < 4.80 × 10 −6 and 10 11 V 0 = 6.76 +0. 25 −0.49 together with n s = 0.9696 +0.0010 −0.0026 , N eff = 3.062 +0.004 −0.015 and r = 0.00731 +0.00026 −0.00072 . The prediction for the tensor-to-scalar ratio is particularly promising since it might be tested by the next generation of cosmological observations.
From the microscopical point of view, this implies that the models in the Fibre Inflation landscape which are statistically favoured by cosmological data are the ones leading to the case small extra dark radiation of Sec. II B.
In this case horizon exit takes place in the plateau far away from the exponential steepening of the potential, so leading to no power loss at large angular scales. Moreover N eff is very close to the Standard Model values, implying that the inflaton decay into bulk ultra-light axions has to be suppressed by the presence of a non-zero gauge on the D7-brane stack wrapped around the fibre divisor which realises the visible sector.
In Sec. V we finally translated the previous bounds into constraints on the microscopic flux dependent quantities, showing how agreement with cosmological observations forces the string coupling to lie in the range 0.065 g s 0.125 and the Calabi-Yau volume in 2500 V 9000.
Let us stress again that this analysis illustrates how large portions of the string landscape can be ruled out by comparison with observations, in particular thanks to the presence in string models of correlations between different theoretical and phenomenological features. A crucial correlation, which could constrain further the parameter space of these 4D string models and which we did not take into account in this analysis, is the connection with particle physics predictions like those concerning supersymmetry and the QCD axion. We leave this investigation for future work. ACKNOWLEDGMENTS EDV acknowledges support from the European Research Council in the form of a Consolidator Grant with number 681431.
Appendix A: Upper bound on γ
In this appendix we shall again follow the notation of [20] and estimate an upper bound on γ based on the consistency of the underlying UV theory. The parameter γ looks like: γ = 2α vis τ 1 (A1)
where α vis = g 2 /(4π) gives the visible sector gauge coupling while τ 1 is the value at the minimum of the Kähler modulus whose real part controls the volume of the K3 or T 4 divisor. This modulus is stabilised at:
where g s is the string coupling, V is the Calabi-Yau volume in string units and λ is expressed in terms of the coefficients of string loop corrections to the Kähler potential as (setting k 122 = 5): λ = 2 · 5 1/3 c KK 
We now impose the following phenomenological and theoretical consistency constraints: Applying these constraints to (A4), we end up with the following upper bound on γ: γ 20 .
(A5)
